Abstract The incidence and prevalence of inflammatory bowel disease (IBD) are increasing. Although the etiology of IBD is unknown, it is thought that genetically susceptible individuals display an inappropriate inflammatory response to commensal microbes, resulting in intestinal tissue damage. Key proteins involved in regulating the immune response, and thus in inflammation, are the small triphosphate-binding protein Rac and its regulatory network. Recent data suggest these proteins to be involved in (dys)regulation of the characteristic inflammatory processes in IBD. Moreover, Rac-gene variants have been identified as susceptibility risk factors for IBD, and Rac1 GTPase signaling has been shown to be strongly suppressed in non-inflamed mucosa compared with inflamed colonic mucosa in IBD. In addition, first-line immunosuppressive treatment for IBD includes thiopurine therapy, and its immunosuppressive effect is primarily ascribed to Rac1 suppression. In this review, we focus on Rac modification and its potential role in the development of IBD, Rac as the molecular therapeutic target in current thiopurine therapy, and the modulation of the Rac signal transduction pathway as a promising novel therapeutic strategy.
Introduction
Inflammatory bowel disease (IBD), with its two main entities Crohn's disease (CD) and ulcerative colitis (UC), is characterized by chronic inflammation of the gastrointestinal tract and causes a significant disease burden, and the incidence is rising globally [1] . Although the etiology of IBD is yet unknown, it is thought that IBD results from an inappropriate inflammatory reaction to commensal microbes in genetically susceptible individuals [2] . In genetic association studies, several gene variants and genetic risk loci, crucial for intestinal homeostasis and affecting the immune response, which contribute to the development of (or protection against) IBD have been identified [3] . This inappropriate inflammatory response to commensal microbes results in intestinal tissue damage. The small triphosphate-binding protein Rac and a connected network of regulatory proteins are key proteins & Margien L. Seinen ml.seinen@vumc.nl involved in the regulation of the immune response, and thus in inflammation [4] . Therefore, these proteins may be involved in (dys)regulation of the specific inflammatory processes in IBD. Moreover, Rac-gene variants have been identified as susceptibility risk factors for IBD [5, 6] . This may indicate that Rac has a pathogenetic or, at least, disease-modifying role. In general, therapeutic strategies for IBD are based on targeting inflammatory responses, most often by suppression, consequently modifying the disease course rather than curing it. First-line immunosuppressive maintenance treatment, as recommended in current Dutch and international guidelines for IBD, consists of the conventional thiopurine derivates azathioprine and mercaptopurine [7] [8] [9] . Interestingly, the immunosuppressive molecular mechanism of thiopurine treatment is based on the modification of Rac1. Based on these findings, new therapeutic opportunities are now being explored [10] .
In this review, we focus on Rac(-modification) and its potential role in IBD; that is, Rac being a molecular therapeutic target in current thiopurine therapy and modulation of the Rac signal transduction pathway as a promising novel therapeutic strategy.
Regulation of Rac
Rac proteins form a subfamily of the Rho family, comprising small guanosine triphosphate-binding proteins that consist of Rac 1, 2, 3 and RhoG [11] . Like other Rho GTPases, Rac acts as a molecular switch between guanosine diphosphate (GDP)-bound inactive and guanosine triphosphate (GTP)-bound active states. As Rac is of critical importance in many inflammation-regulating cellular processes, its activity needs to be very tightly regulated. Therefore, inactivation of Rac, by means of hydrolysis of GTP to GDP, is promoted by GTPase activating proteins (GAPs). Activation of Rac, the result of exchanging GDP for GTP, is stimulated by guanine nucleotide exchange factors (GEFs) (Fig. 1) [4, [11] [12] [13] [14] . However, it is more complicated than this; for example, various subtypes of GEFs and GAPs modify the level of activation of Rac [15] . Additionally, various Rho GTPases, including RhoA, may exert antagonistic activity towards the Rac proteins. To date, 20 members of GAP proteins have been identified to inactivate Rac in humans [16, 17] . In total, 20 GEFs are shown to activate Rac, of which two, Vav and Tiam1, are the most extensively studied [15, 18, 19] . The structure of Rac is complex and consists of several functional features including five G motifs, a core effector domain, and a membrane targeting sequence. All three parts may interact with different selectivity with GEFs, GAPs or effector proteins. Pre-clinical studies have shown feasibility of pharmacological modification of these interactions [20] .
Although no Rac-targeted drug molecules have yet been clinically approved, this may provide interesting pharmaceutical opportunities to design specific drugs in order to modify the (in)activation of Rac [21] [22] [23] [24] .
3 Rac and Inflammatory Bowel Disease (IBD)
Established Genetic Associations of Rac With IBD
A potential role for Rac in the pathogenesis of IBD has been put forward by the discovery of genetic variants of Rac1 and NCF2 (which is involved in reducing binding to Rac2) as susceptibility single nucleotide polymorphisms (SNPs) for IBD [5, 6] . Rac1 (located on chromosome 7) is associated with colonic IBD, whereas Rac2 (located on chromosome 22) is associated with occurrence of CD in general. Moreover, loss of Rac1 expression (in Rac1 knockout mice) protects against developing experimental (dextran sulfate sodium [DSS]-induced) colitis [5] . The Rac1 risk allele results in an increased Rac1 expression in peripheral blood cells, leading to an inflammatory response in the colonic tissue [5] . Rac2 knockout mice develop more severe disease when subjected to a C. rodentium-induced model of infectious colitis compared with wild-type mice, suggesting that impaired Rac2 function may promote the development of IBD [25] .
Rac, Inflammation, and IBD
Rac is a key protein in many inflammatory pathways including apoptosis, intestinal barrier function by cytoskeletal regulation, reactive oxygen species (ROS) generation, and leukocyte trafficking. Therefore, modulation of the Rac pathway may be of pathogenetic importance [65] . GDP guanosine diphosphate, GTP guanosine triphosphate [4, [26] [27] [28] . Rac1 GTPase signaling has been shown to be strongly suppressed in non-inflamed colonic mucosa when compared with the inflamed colonic mucosa in IBD patients. Moreover, a recent study established that activation of Rac1 is increased in experimentally induced mucosal wounds.
Intestinal epithelial apoptosis is mediated in part by Rac1, via the JNK signaling pathway, and as such coregulates proapoptotic pathways in intestinal epithelial cells [29] . In IBD, the role of T cell apoptosis is crucial and has been extensively described earlier by Peppelenbosch and van Deventer [30] . Inducing T cell apoptosis is believed to be a central goal of most drug treatment modalities in IBD, and accordingly, a common final denominator of many therapeutic strategies, such as antitumor necrosis factor alpha (TNFa), JAK-STAT inhibition, corticosteroids, methotrexate, and thiopurine derivatives.
The intestinal barrier is crucial in protecting human organisms against luminal pathogens. Increased paracellular permeability of the intestinal barrier results in systemic contamination, potentially leading to systemic inflammation. Cytoskeletal regulation also plays a role in intestinal epithelial barrier function. Rac is a key protein involved in the regulation of the cytoskeletal construction, and thus plays a role in intestinal epithelial barrier function [31] . This pathway may contribute to the development of IBD. Activation of Rac1 leads to actin polymerization and formation of lamellipodia, whereas activated Rac1 is additionally involved in actin turnover [32] . Cytoskeletal rearrangement is of critical importance in the immune modulatory capacities of Rac1, as it involves mobility and plasticity of (intestinal) leukocytes [33] . It has been suggested that part of the therapeutic JAK-STAT inhibition is mediated by this mechanism [34, 35] . ROS generation via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzymes is well known to be the classical effector following neutrophil activation in systemic and intestinal inflammation [26] . Rac2 belongs to the NADPH complex, which can produce ROS, underlying the mechanism of killing microbes by phagocytes. In the absence of Rac2, macrophages and/or neutrophils display suppressed ROS production, defective chemotaxis, impaired phagocytosis, and decreased microbial killing [6, 36] . One of the subunits of the NADPH complex is subunit Gp91 phox , which contributes to the development of experimental IBD [37] . Other SNPs in NADPH oxidase complex genes, including NCF4, are also associated with CD [38] .
Another aspect of the chronic inflammatory process which is characteristic for IBD is leukocyte trafficking into the gut mucosa, regulated by an integrin-mediated adhesive interaction. Rac has been identified to regulate the a4-paxillin interaction required for effective (a4b1) dependent leukocyte trafficking. Paxillin binding to a4 blocks lamellipodia formation by inhibiting Rac activation [39] .
It seems evident that modification of Rac by genetic variation or drug interaction influences apoptosis, the intestinal barrier, ROS generation, and leukocyte trafficking, and thus may play a role in the pathogenesis of IBD.
Modulation of the Rac Pathways by Thiopurine Therapy
Conventional thiopurines, azathioprine and mercaptopurine, comprise first-line immunosuppressive maintenance treatment in IBD [7, 9] . In previous reports, it has been suggested that thiopurine therapy is effective in inducing, but mainly in maintaining remission in IBD patients [40] [41] [42] [43] . Although these thiopurine derivates have been prescribed for years, the immunosuppressive mechanism has only recently been clarified, at least partly, and appears to be based on inducing apoptosis in activated (CD28 costimulated) gut inflammation-associated T cells [44] . An antimetabolite effect of thiopurine derivatives is only expected when administered in relatively high dosages (like in oncological treatment) [45] . Interference with in vitro activation of Rac1 is identified to be the molecular target of azathioprine and mercaptopurine therapy [33, 44] . Azathioprine and mercaptopurine first need to be biologically activated in order to generate the pharmacologically active end-metabolites 6-thioguanine nucleotides (6-TGN), via several enzymatic steps [46] . The major component (80 %) of the 6-TGN pool consists of 6-thioguanine triphosphate (6-TGTP) [47] . Instead of GTP, this thiopurine metabolite 6-TGTP binds to Rac 1. Consecutively, 6-TGTP-bound Rac1 induces a mitochondrial pathway of T cell apoptosis via inhibition of Rac1 activation in T cells by blocking the GEF Vav1 (Fig. 2) [33, 44] . In this way, inhibition of the activation of Rac1 results in less active Rac1 and, secondarily, in increased T cell apoptosis. In addition, recently it has been proposed that the related small GTPases RhoA and Cdc42 are pharmacological targets of 6-TGTP. RhoA has diverse functions related with regulation of vasculature. Consequently, the authors suggested that interference with RhoA may result in vascular complications such as non cirrhotic portal hypertension [48] . This may therefore explain why in some patients thiopurine therapy has previously been associated with vascular liver irregularities, and nodular regenerative hyperplasia in particular. Moreover, an association has been identified in adult IBD patients between successful thiopurine therapy and an SNP in the RAC1 gene (rs 34932801). This association has not been observed in a cohort of children with IBD, maybe due to the limited number of observations [49] . Patients with wild-type genotype (G/G) RAC1 c-289 demonstrate a better clinical response to thiopurine therapy compared with patients with variant alleles [50] . The functional consequences of this wild-type genotype have been assessed in an in vitro experiment, in which less promoter activity (less relatively luciferase activity) is observed for the G/G than for the G[C genotype [51] . This corroborates the presumed pivotal role for Rac1 in the mechanism of action of thiopurine therapy. Recently, an in vivo study showed that IBD patients treated with thiopurine therapy have a lower median expression of Rac1 compared with IBD patients without maintenance immunosuppressive treatment. Particularly, patients with active disease who clinically responded to mercaptopurine therapy showed significantly decreased concentrations of Rac1-GTP and Rac1 expression [52] .
Leukocyte adhesion and cell migration, processes known to modify the immune response, are also disrupted by inhibition of Rac1 activation in several ways. Via an asyet unknown mechanism, active Rac1 ensures the dephosphorylation of Ezrin-Radixin-Moesin (pERM to ERM). The ERM protein complex is involved in cytoskeletal dynamics of cells and consequently in the rigidity of the cell membrane [33, 53] . The suppression of Rac1 activation by azathioprine or mercaptopurine leads to less pERM being dephosphorylated, thereby resulting in T-cell-APC conjugation suppression [33] . Additionally, azathioprine inhibits the adhesion and transmigration of leukocytes through the endothelial barrier by selectively decreasing TNFa-induced vascular cell adhesion molecule (VCAM-1) protein levels [54] .
Additionally, in one in vivo study, it has been shown that mercaptopurine and 6-TGTP may also reduce proinflammatory signaling pathways in macrophages, by reducing expression of the chemokines interleukin (IL)-8 and CCL2, and thus, may induce an antiproliferative and anti-inflammatory effect on gut epithelial cells, by inhibition of Rac1 [54] .
Moreover, TNFa has been shown to stimulate activation of Rac1 [54] . Anti-TNFa therapy, a well known and highly effective treatment for IBD, may suppress the activation of Rac1-GTP similar to thiopurine therapy which may contribute to the immunosuppressive effect of anti-TNFa therapy [55] . The SONIC (Study of Biologic and Immunomodulator Naive Patients in Crohn's Disease) and SUCCESS (Efficacy & Safety of Infliximab Monotherapy vs Combination Therapy vs AZA Monotherapy in Ulcerative Colitis) trials have shown that, in IBD patients, combination therapy consisting of anti-TNFa and thiopurine therapy is more effective than monotherapy with either anti-TNFa or azathioprine [56, 57] .
Therapeutic Drug Monitoring of Thiopurine Therapy
Measuring the concentrations of thiopurine metabolites (6-TGN and 6-methylmercaptopurines-ribonucleotides [6-MMPR]) in red blood cells (RBCs) is currently advocated to monitor and optimize thiopurine therapy in IBD patients [46] . 6-TGN concentrations above 230 pmol/8 9 10 8
RBCs have been associated with therapeutic effectiveness, and concentrations above 450 pmol/8 9 10 8 RBCs with myelosuppression [58] . Additionally, 6-MMPR concentrations above 5700 pmol/8 9 10
8 RBCs have been associated with toxicity, mainly hepatotoxicity, and therapeutic ineffectiveness [59, 60] . The possibility of routine assessment of these thiopurine metabolites is still debated as it seems of limited clinical value to predict therapeutic efficacy [61] [62] [63] . One of the problems is that these metabolites are pharmacokinetic parameters, which 'solely' describe the level of metabolites of the drugs in RBCs, while the mechanism of action of the drug cannot be assessed. A pharmacodynamic parameter can measure the 'real effect' of therapy and appears to be more apt in predicting therapeutic success. Hence, a pharmacodynamic parameter associated with the effect of thiopurine therapy is warranted. As Rac1 activation is the molecular target for thiopurine therapy, activated Rac1 (GTP-bound Rac1), Rac1/ERM, and pERM/ERM levels may serve as potential (pharmacodynamic) biomarkers to predict the effectiveness of thiopurine therapy [33, 44] . Another problem of thiopurine pharmacokinetics (6-TGN and 6-MMPR) is that the metabolites of interest are usually measured in erythrocytes, while the immunosuppressive effect of thiopurine therapy is exerted in leukocytes. Measuring the therapeutic pharmacodynamic effect in leukocytes, such as with Rac1-GTP and Rac1/ERM determinations, may thus be a better matrix for monitoring this therapy. These parameters may be helpful in identifying patients who do not experience the intended pharmacodynamic effect of thiopurines, whether due to too low concentrations of the drug (e.g., skewed metabolism, lack of compliance) or due to 'truly pharmacological' refractoriness. These 'truly pharmacological' refractory patients are defined as being unresponsive to thiopurine therapy, with therapeutic levels of 6-TGN, and unchanged concentrations of Rac1-GTP and Rac1 expression. Additionally, there is a group of patients, the socalled 'truly pharmacodynamic' refractory patients, in whom concentrations of Rac1-GTP and Rac1 expression decrease (i.e., the intended pharmacodynamic effect) but no clinical improvement is established. The proposed pharmacodynamic parameters may, therefore, be (early) biomarkers for thiopurine (in)efficacy.
Novel Therapeutic Strategies in IBD and Modulation of Rac1 Pathways
Analogs of the alleged pharmacologically active thiopurine metabolite 6-TGTP have been developed to improve therapeutic effectiveness and decrease toxicity. These analogs have shown, in vitro, low toxicity as well as high immunosuppressive efficacy [10, 64] . These promising findings indicate that a more targeted modulation of the Rac pathway has potential as a novel therapeutic target for IBD patients. Tiede and colleagues assessed that thiopurine therapy not only suppressed activation of Rac1 but also of Rac2 [44] . Another previous study showed that Rac2 knockout mice develop more severe disease when subjected to a C. rodentium-induced model of infectious colitis [25] . This suggests that Rac1 and Rac2 may actually have opposite effects. Suppression of Rac2 activation could be a negative effect of thiopurine therapy and thus a specific Rac1 blocker may be more effective in IBD treatment.
Conclusion
This review aims to provide insight into the mechanism of action of thiopurine therapy by modulation of Rac. Moreover, the role of Rac in IBD has been put forward by the discovery of Rac gene variants as a susceptibility risk factor for IBD and that Rac1 GTPase signaling is strongly suppressed in non-inflamed compared with inflamed colonic mucosa in IBD. Recent findings provide opportunities for improving drug monitoring of thiopurine therapy by analyzing the modulation of Rac1 as a pharmacodynamic marker for effective therapy in IBD patients. Open Access This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), which permits any noncommercial use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
